This paper conducts axial compression test of ultrahigh performance concrete-(UHPC-) filled hybrid FRP (HFRP) tubes, using the alternating hybrid technology to improve the deformation capacity of FRP tube and measure the axial compressive responses of ultimate strength, strains, and stress-strain curve of confined specimens. The test results show that the local rupture of HFRP tubes did not lead to explosive failure of UHPC cylinder, and its ductility is better than that of UHPC confined by only one type of FRP tube; HFRP tube can effectively improve the compressive strength and ultimate strain of UHPC specimens; the stress-strain curves divide into three distinct regions: linear phase, transition phase, and linear strengthening phase. None of the models provided a reasonable prediction for strength and strain of HFRP-confined UHPC specimen; therefore, a new ultimate strength and strain perdition model considering the confinement effectiveness of different hybrid FRP series was proposed. The new proposed model presented the best fitting results. The stress-strain responses predicted by the existing models are all below the experimental curves; therefore, a new three-stage constitutive model was proposed, which relatively fits the test curves better than the existing models.
Introduction
Lateral confinement can significantly improve the strength, ductility, shear capacity, and seismic performance of concrete columns [1] . Studies on the deformation characteristics and the constitutive model of confined concrete are the basis of the structural design and nonlinear analysis. The study's results can be used to determine the amount of lateral confinement for reinforce concrete (RC) columns or piers in seismic areas and offer valuable reference for future studies and applications.
FRP has a high strength to weight ratio, stiffness to weight ratio, and good corrosion resistance performance. Recently Ozbakkaloglu [2, 3] revealed that over 200 experimental studies have been conducted over the last two decades on the compressive behavior of FRP-confined concrete, resulting in the developments of over 80 axial stress-strain models [4] [5] [6] [7] . The majority of these studies reported on FRPwrapped specimens, and relatively few studies focused on the behavior of concrete-filled FRP tubes (CFFTs) [8] [9] [10] [11] . In early studies of FRP confinement, the models for steel-confined concrete were directly applied to describe the stress-strain behavior of FRP-confined concrete. Hence, the stress-strain curve given by these early models is a parabolic curve. The bilinear stress-strain curves models are used more frequently in the subsequent studies for FRP-confined concrete. And most models for FRP-confined normal concrete describe the stress-strain curve as follows: the initial ascending portion is parabola, which was followed by a second region that was approximately linear. Toutanji [12] modified Ahmad and Khaloo's model [13] for FRP-confined concrete, which used the slopes of the initial ascending branch and the postpeak second branch to describe the stress-strain curve. Hognestad's parabola [14] and four-parameter models [15] [16] [17] 2 Advances in Materials Science and Engineering have been used for describing the initial ascending parabola. Among the 80 axial stress-strain models, the most commonly used stress-strain models are the ones presented by Samaan et al. [18] , Toutanji [12] , Lam and Teng [19] , and Saadatmanesh et al. [20] , which are applicable to FRP-confined concrete.
Currently a few studies research the confinement model of high strength concrete (HSC) with FRP. Lim and Ozbakkaloglu report a large experimental test database on a study about the axial compressive behavior of FRP-confined HSC [21] , which consists of 237 axial compression tests results for FRP-confined HSC. The study revealed that the availability of the existing FRP-confined normal concrete models applicable to FRP-confined HSC is extremely limited, and many existing stress-strain models developed for FRP-confined concrete assessed by using the HSC database do not perform well. Out of the 88 confined models developed for FRP-confined concrete, only six models were directly applicable to FRPconfined HSC (Miyauchi et al. [22] ; Mandal et al. [23] ; Berthet et al. [24] ; Cui and Sheikh [25] ; Xiao et al. [26] ; Pham and Hadi [27] ).
UHPC, as a new cement based material, has been rapidly developed and utilized especially in bridges and structures recently [28] . Compared to the conventional and high strength concrete, the following advantages of mechanical properties of UHPC have been proved: ultrahigh compressive strength, high tensile strength, ductility, and durability. Furthermore, the higher shear resistance of UHPC can reduce the need for transverse and shear reinforcement. Multiple cracks characteristics, high strength, high toughness fracture energy, deformation capacity, and especially resistance, make UHPC an important material for structural applications in seismic regions. UHPC reinforced with steel fiber has larger dilation deformation capacity than that of HSC and has better confinement effects. Fischer et al. [29] studied the performance of reinforced UHPC columns under cyclic lateral loads. The test results show that the ductile behavior of UHPC allows for high deformation of steel reinforcement. In another study, Billington and Yoon showed that the higher energy dissipation and damage tolerance may be achieved up to a drift ratio of 3%∼6% in bridge piers with UHPC within their plastic hinge regions [30] . Despite a decade of studies on UHPC, little is known about its confinement behavior. Zohrevand and Mirmiran conducted an axial compression test of UHPC confined with CFRP and GFRP tubes and measured the deformation capacity and strength of specimens [31] . They found that stress-strain curve of FRP confined UHPC is a bilinear curve, which contain a linear initial ascending portion, after that a nolinear transition segment, and then a hardening segment which was approximately linear. They then compared the test results with predicted values using the existing models and found that the existing models show relatively large errors on the stress-strain curves, strength, and deformation. Cyclic behaviors of hybrid columns made of UHPC and FRP were studied by Zohrevand and Mirmiran [32] . The results indicated that the ductility of this hybrid column increases with FRP rupture strain, and FRP tube-confined UHPC column without any internal reinforcement achieves the same flexural strength and ductility as its steel-reinforced counterpart. FRP tube-confined UHPC specimens showed significantly higher flexural strength and initial stiffness and lower residual drift as compared with RC specimen. This hybrid system can be optimized for strength and ductility as a viable alternative to the conventional RC column.
The stress-strain curve for FRP-confined UHPC is divided into three stages: a linear initial ascending segment, a parabolic transition segment, and a linear hardening segment. The initial ascending branch of FRP-confined UHPC is significantly different from normal concrete. The initial ascending region of confined normal concrete is parabolic but approximately linear for FRP-confined UHPC. Fourparameter Teng and Toutanji models, developed for FRPconfined normal concrete, are not applicable to FRP-confined UHPC. So, it is necessary to develop a stress-strain model for FRP-confined UHPC based on the test results.
Moreover, most of the studies on confinement behavior and axial compressive strength and deformation capacity model only involve one kind of conventional FRP. So far, three common FRP composites of carbon FRP (CFRP), aramid FRP (AFRP), and glass FRP (GFRP) are single used for confining concrete columns. One type of FRP composite has a linear elastic stress-strain response with brittle rupture failure at a small rupture strain [33] . If one type of FRP was used for confining concrete, the strength and ultimate strain can be improved, but the FRP jacket ruptures abruptly at ultimate hoop tensile strain, and the fracture section of FRP jacket is straight, because the large elastic energy absorbed during loading is dissipated quickly at rupture strain. Given this background, a new category hybrid FRP composite has recently been used as an alternative structural application to conventional FRP in seismic areas. Hybrid FRP compositesconfined UHPC can improve the ductility and strength, and HFRP jacket ruptures at a multiple stage and the absorbed elastic energy do not dissipate quickly. Confining UHPC with HFRP tubes is an alternative manner because of the efficient combination of two high strength materials to form a high-performance member that benefits from a substantial increase in ductility compared with unconfined UHPC members. So far characteristics of UHPC-filled HFRP tubes under axial compression have not been reported yet. The present study has three specific objectives: (1) to develop a good understanding of the compressive stress-strain behavior of UHPC confined with HFRP; (2) to examine whether existing confinement models developed for conventional FRPs and concrete are applicable to HFRP-confined UHPC; and (3) to develop a new stress-strain relationship for HFRP tubesconfined UHPC based on the test results.
Experimental Program

Specimen Fabrication.
A total of four types of unidirectional fiber sheets are used in this test: carbon fiber sheets, aramid fibers sheets, basalt fiber sheets, and glass fiber sheets. The mechanical properties of the fiber sheets are shown in Table 1 , and the tensile properties of HFRP laminate with epoxy are shown in Table 2 . A PVC tube of height 200 mm and diameter 100 mm (length to diameter ratio L/D = 2) is prepared. Clean the surface of the PVC tube, grind the sharp edges, and cut fabric sheets to appropriate length for each layer of wraps, with a minimum overlap of 100 mm. Mix the two epoxy components for 5 mins and then use a brush and a roller to make the fabric fully saturated with epoxy. Wrap fabric sheets around the tube according to the requirement as designed for specimens, and then apply additional epoxy as an overcoat to ensure enough wetting of the fabric. Lastly wrap both ends of the specimen near loading point with 30 mm wide carbon fiber sheets reinforced polymer to prevent premature damage at this area during loading. After 21 days, the PVC tubes were removed and the bottoms of all HFRP tubes were plugged using plastic caps, allowing them to be used as molds. HFRP tube is not used for confining the core concrete and also used as work-form here. The UHPC was poured into the HFRP tubes, as shown in Figure 1 . All specimens were curried in standard curing room. After 28 days, the top and bottom surface of each specimen were grinded smooth for the compression tests. In this study, superfine cement was used to prepare the UHPC without silica fume. The steel fibers had a length of 8 mm, diameter of 0.12 mm, and a tensile strength of 2800 MPa. The UHPC proportions are presented in Table 3 .
Specimen Labeling.
Three cylindrical specimens are prepared for each group of UHPC-filled HFRP tubes specimens. The specimens' labels are listed in Table 4 , where letters of the specimen label represent the type of fiber-reinforced polymer; and the number after the letter represents number of layers of that type of fiber sheets. For example, C2G2 indicates that the specimens are wrapped with two layers of carbon fiber sheets and two layers of glass fiber sheets.
Specimens Loading.
Attach two lateral and two longitudinal strain gauges on the middle surface of the HFRP tubes. All specimens were tested under uniaxial compression using a 4,000 kN universal testing machine with external pressure sensor and displacement meter. Data acquisition system is used to obtain and record the lateral and longitudinal strain and the axial stress during the loading process ( Figure 2 ). The loading rate is 110 kN/min.
Test Results and Failure Mechanisms
3.1. Specimen Failure Process. The failure process of unconfined UHPC specimens is as follows: initial loading, hoop deformation of the specimens is small, while UHPC is in elastic stage; when loading reaches 0.3 ( is ultimate load), longitudinal cracks begin to appear on the surface of specimens, and crack growth rate accelerates along with load; when loading reaches 0.75 , longitudinal cracks extend to two ends of specimen, the midheight section of specimen gradually expands outward, and hoop deformation increases; when loaded to , the vertical or diagonal cracks extend throughout the specimen, and they exhibit brittle failure characteristics, but the specimens maintain good integrity.
The damage process of UHPC confined by HFRP tube is as follows: at initial stage of loading, the radial deformation of HFRP tube is small; therefore, the confining effect of HFRP tube is insignificant. As load increases, the core concrete begins to expand laterally, and the confinement effect of HFRP tube is gradually activated, and colloid "flap" sound can be heard at the moment. When the load is about 0.9 , a transverse crack forms on the HFRP tube, which is followed by sounds of fracturing HFRP and outward bulging of the specimen's midheight section. When load reaches , the midheight section of the HFRP tube cracks and then the cracks propagate towards both ends of the specimen. The failure was accompanied with a very limited noise, unlike the explosive process observed in one type of conventional FRP-confined UHPC cylinders. In general, in these HFRPconfined UHPC cylinders, the local rupture of FRP tubes did not lead to an explosive failure of the UHPC cylinder, unlike with single conventional FRP-confined specimens. The failure process of HFRP-confined specimens is longer, and HFRP tubes rupture process in multiple stages. The absorbed energy during loading does not dissipate quickly at ultimate hoop tensile strain. This multiple failure process and deformability of specimens make HFRP-confined UHPC columns a promising structural application in seismic regions.
Analysis of Failure Modes and Mechanism. The typical failure mode of unconfined specimens is as shown in Figures 3(a)∼3(d)
. Vertical cracks and diagonal microcracks appear on the surface of specimens and divide the specimen into independent parts. Some fragments of concrete disintegrated from the specimen. Steel fibers at the cracking plane pull out but the specimen retains its complete form at the end of the test. Failure mechanism of unconfined specimens is as follows: during compression of the specimens, longitudinal cracks first appear at the midheight section due to lateral expansion of UHPC, as seen in Figure 4 (a). On the other hand, the two ends of the specimen are subjected to lateral confinement due to the friction force arising from the steel plates at the loading ends, which limits the lateral expansion of the end regions of the specimen, as shown in Figure 4 (b). The effect of the lateral confinement caused by the loading steel plates reduces with increase in distance from the loading ends. Longitudinal strains on the specimen side surface are compressive, while hoop strain is in tensile state, as shown in Figure 4 (c). Longitudinal cracks on the midheight surface of the specimen extend rapidly to both ends, and diagonal cracks may appear as seen in Figure 4(d) .
The confinement mechanism of UHPC-filled HFRP tubes is as shown in Figures 5(a)∼5(c) .
The bonding between HFRP tube surface and UHPC is good during axial compression; thus bond slip does not occur. And the lateral strain of HFRP tube and the radial strain of the UHPC are consistent. Therefore, the equation for calculating the lateral confinement strength of HFRP and lateral confinement stiffness can be derived from the force balance principle of cross section as given below:
where , , and are the actual hoop rupture strength, the elasticity modulus, and the thickness of HFRP laminate with epoxy, respectively; is the internal diameter of HFRP tube. The confinement mechanism of UHPC-filled HFRP tubes is as follows: HFRP tube plays a passive confinement role after UHPC undergoes lateral expansion as seen in approach the compressive strength of unconfined UHPC, cracks form and develop, and lateral expansion deformation of UHPC increases rapidly. At this stage the confinement effect of HFRP tube is gradually activated and thus causes the core concrete to be subjected to triaxial compression state, which contributes to enhancing strength and deformation capacity of specimens, as seen in Figure 5 (c).
When the hoop strain of HFRP tubes almost reaches its ultimate tensile strain, the hybrid fibers did not lead to an explosive failure, but failed in multiple stages model as losing confinement capacity gradually. The failure modes of UHPCfilled HFRP tubes are shown in Figures 6(a)∼6(c) .
There are mainly three typical failure modes of UHPCfilled HFRP tubes.
(i) When HFRP plate has relatively small and exhibits step by step failure characteristics in tensile test, which results from the hybrid effect, HFRP-confined specimen is likely to undergo ductile failure mode, as shown in Figure 6 (a). The outermost layer of FRP undergoes tensile fracture firstly, while the inner layer is not completely fractured. Core concrete does not indicate any significant crashing since there are no fragments that fall off; therefore, the specimens still maintain a substantial load bearing capacity. This is the ideal failure mode which exhibits ductile failure characteristics.
(ii) When the of HFRP plate is medium and toughness of HFRP is relatively high during tensile, the confined specimens show a certain degree of ductility failure mode, as seen in Figure 6 (b). The outermost fiber sheet fractured firstly and then was followed by the inner fiber and extended toward the two ends of specimen. Fragments of crushed UHPC can be observed in cracks, leading to loss of bearing capacity.
(iii) When the of HFRP plate is relatively large, the confined specimens may attain a brittle fracture failure mode, as seen in Figure 6 fractured cross section of HFRP is relatively smooth, and crushed UHPC is visible through the crack.
Test Results.
The average of test results for each group of specimens is shown in Table 4 , where / is the confinement ratio, / is the confinement effectiveness, / is the axial strain ratio, is the peak stress of unconfined UHPC specimens, is axial strain of unconfined UHPC specimens corresponding to and = 0.00268, is the peak stress of UHPC-filled HFRP tube specimen, and is the ultimate strain of HFRP-confined specimens. Figure 7 shows the measured stressstrain ( -) curve for unconfined UHPC specimens under axial compression. The -curve of unconfined UHPC specimens is different from that of conventional concrete specimens, in the fact that the -curve for unconfined UHPC specimens shows a nearly linear relationship at the ascending stage, while curves for conventional concrete display nonlinear relationship at the ascending stage. Figure 8 shows the measured -curve for UHPCfilled HFRP tubes under axial compression. The curves can be divided into three stages: initial linear stage, nonlinear transition stage, and linear hardening stage. At initial loading stage the -curve is almost a straight line, which is similar to that of unconfined UHPC specimens, and the gradient at the ascending stage of the -curves for different layers of fiber sheets and different types of hybrid FRPs-confined specimens is almost the same. The initial stiffness of all confined specimens shows no significant change, since the HFRP jacket's confinement effect is not yet activated; thus the initial stiffness of the confined and unconfined UHPC specimens is almost equal to about (40 ± 3) GPa. When the load approaches the strength of unconfined specimens, dilation deformation increases; thus the confinement effect of HFRP tube is activated, the -curves begin to show nonlinear characteristics, and the specimen enters elasticplastic stage. At the final linear strengthening phase, the -curve almost becomes a straight line, but its gradient is significantly less than the gradient at initial phase. This indicates that HFRP tube plays the full role of confinement for UHPC and thus effectively improves the strength and deformation capacity of specimens.
Stress-Strain Curves.
From Figure 8 , it can be seen that when the axial stress has just exceeded , specimens wrapped by two layers Advances in Materials Science and Engineering of different fiber sheets (i.e., A1B1) begin to show stiffness degradation, while specimens wrapped by four-and six-layer sheets (i.e., A2B2, A3B3) can still maintain a relatively high stiffness. After that the -curves of two-layer specimens ascend in a straight line with a small gradient, and there is rapid increase in both longitudinal and radial deformation with load. Meanwhile, the gradients of the -curves of four-and six-layer specimens are larger and the deformation increases relatively slowly. Moreover, the and values of four-and six-layer specimens are relatively larger than the ones of two-layer specimens.
Influential Factors.
The main factors affecting the axial compression performance of UHPC confined by HFRP tube are number of layers of fiber sheets and type of hybrid fibers. Compared with unconfined UHPC specimens, UHPC-filled HFRP tube specimens show significant improvement of strength and deformation capacity. The degree of improvement strength and strain varies depending on the number of layers of fiber sheets and type of hybrid fiber, as shown in Figures 9(a) and 9(b) . In those figures, C/GFRP represents a hybrid of carbon fiber with glass fiber sheets, while C/B/GFRP represents a hybrid of carbon fiber, basalt fiber, and glass fiber sheets. For instance C1G1, C2G2, and C3G3 specimens are referred to as C/GFRP hybrid series, and C2B1G1 and C2B2G2 specimens are C/B/GFRP hybrid series; the naming of the other series is done in the same way. Figures  9(a) and 9(b) , we see that the strength and deformation capacity of confined specimens increase with the number of fiber sheet layers. This is because increasing layers of fiber sheet increases the thickness of HFRP tube, thus enhancing the effectiveness of lateral confinement. With high confinement stress, the deformation capacity of UHPC increases, hence delaying the time before failure and thereby increasing the compressive strength and ultimate strain of confined specimen. For the same type of HFRP sheets, such as A1B1, A2B2, and A3B3 or C2B1G1 and C2B2G2, the relationship between number of HFRP layers and increment of strength is almost a linear relationship as seen in Figure 9 (a). In the case of C/GFRP specimen series, when the layers of fiber sheets are more than 4, the strength confinement efficiency increases significantly. Figure 9(b) shows that deformation capacity of the C/GFRP series specimens increases almost linearly with fiber sheet layers. For the B/GFRP and A/BFRP series specimens, when the number of sheet layers is more than 4, the rate of increase in deformation capacity of the specimen decreases. In Figures 9(a) and 9(b), it can be seen that for an equal number of layers of HFRP, such as A2B2, C2B2, and C2A1G1, enhancement of strength and deformation ability of the confined specimens varies with type of HFRP. Among all the confined specimens, C/GFRP hybrid series display the greatest strength efficiency and show the highest ultimate compressive strength . There is not much difference in the strength confinement effectiveness of A/BFRP, C/BFRP, and B/GFRP series specimens. Among all the specimens, C/A/GFRP and C/B/GFRP series specimens show the lowest strength effectiveness and the lowest compressive strength at failure. Among all the hybrid specimens, the deformation capacity of A/BFRP series-confined specimens is the highest, followed by B/GFRP series, C/GFRP series, C/A/GFRP series, C/B/GFRP series, and C/BFRP series. The tensile test for HFRP plate shows that aramid fibers sheets have the best influence in enhancing toughness. On the other hand, for hybrids of three kinds of fiber sheets, that is, C/A/GFRP series and C/B/GFRP series, when loading is close to the ultimate bearing capacity, the -curves begin to follow wavy pattern, whereby the outermost low ductility fibers fracture first, followed by those with higher ductility, and the confined specimen can reach a reasonable degree of ductility [34] .
The Effects of Number of Layers of HFRP. From
The Effects of HFRP Fibers Type.
Strength Model
A comparison between measured compressive strength of confined specimens and calculated values using the four existing models, Samaan model [18] , Toutanji model [12] , Lam-Teng model [19] , and Pham model [27] , and the results are listed in Table 5 .
From Table 5 1 + ( / ) , which only takes into consideration the effect of confinement ratio / on strength, without considering the influence of HFRP types. It was found that, under the same confinement ratio, the type of hybrid FRP has a great influence on the compressive strength of specimen. In order to obtain a more accurate strength prediction model, the strength prediction model should consider the influence by each type of HFRP, in the fact that the in model / = 1 + ( / ) should be calculated separately. The different regression values and for the respective types of hybrid fibers are shown in Table 6 . Figure 10 shows a comparison between the predictive values calculated by five strength models above and test measured values.
From Table 6 , it can be seen that, for all the four series of UHPC-filled HFRP tubes, the fitting value of is between 3.0 and 6.0, where the biggest value of is obtained from C/BFRP series. This shows that the strength confinement efficiency increases with confinement ratio / , and the enhancing degree of strength by C/BFRP hybrid series is the highest and then is followed by C/GFRP and then B/GFRP and A/BFRP hybrid series. The strength increasing rate of B/GFRP and A/BFRP is almost equal; increase in confinement ratio does not have significant effect on these two series. On the other hand, among the four different HFRP series-confined UHPC specimens, it is only C/BFRP series specimens where the value of is greater than 1, while the rest of the hybrid FRP series' values of are less than 1. This indicates that, within the confinement range studied here, the confinement effect / of C/BFRP increases with the confinement ratio / by a gradually increasing gradient observed on the curve; however, the relationship between the confinement effect / and confinement ratio / by the other HFRP series is almost linear.
From Table 6 and Figure 10 , it can be observed that the proposed strength model shows a good fit for the test data; thus it can provide more accurate prediction of strength for the four different HFRP series specimens. In Figure 10 , it also can be concluded that using Samaan model and Toutanji model to predict strength values for A/BFRP, B/GFRP, and C/BFRP series specimen gives relatively accurate results, but for C/GFRP series specimens predicted values slightly lower than the test results. Using Lam-Teng model to predict strength values for A/BFRP, C/BFRP, and C/GFRP series specimens gives significantly lower values than the test results, while the predicted values for B/GFRP series specimens are slightly higher. And it also can be seen that the predicted values by Pham model are lower than the test results.
Strain Model
Four ultimate strain prediction models, Samaan model [18] , Lam-Teng model [19] , Toutanji model [12] , and Pham model [27] , are used to calculate the ultimate strain for UHPCfilled HFRP tube specimens. Table 7 shows the comparison between the calculated ultimate strainvalues and test data.
In Table 7 , the maximum ratio between the measured axial ultimate strain and predicted values by Samaan model is 0.23, the minimum ratio is 0.14, and the average is 0.18. That is, the model by Samaan consistently overestimated test results of ultimate strain with high errors. The maximum ratio between the measured ultimate strain and predicted values by Toutanji model is 0.52, the minimum ratio is 0.22, and the average is 0.35, which shows that the predicted ultimate strain value using Toutanji model is also large and differs greatly with the measured value. The maximum ratio between the measured ultimate strain and predicted values by Lam-Teng model is 1.07, the minimum ratio is 0.61, and the average is 0.79, which shows that predicted ultimate strain value using Lam-Teng model is relatively large, but among the three models it produces values closest to the measured values. And the average ratio between the measured ultimate strain and predicted values by Pham model is 2.25, which shows that predicted ultimate strain value using Pham model is relatively small.
In order to more accurately predict the ultimate strain of UHPC-filled HFRP tube specimens, the confinement model should consider the effect of different types of hybrid FRP series. The formula for calculating ultimate strain is given in the form / = + ( / sec )( / ) . The fitting values for corresponding types of hybrid FRP series are listed in Table 8 .
From Table 8 it can be seen that the value of for different types of hybrid FRP series is between 1.9 and 3.7, is between 2.2 and 2.8, while is between 1.4 and 1.7. The maximum ratio between measured ultimate strain and calculated results is 1.07, the minimum is 0.95, and the average is 1.00, which shows great accuracy in the predicted values.
Constitutive Model
By taking into account the deformation characteristics of UHPC-filled HFRP tubes under axial compression, this paper assumes the following. (1) The -curve is divided into three stages: stage I is the linear stage, where the gradient is equal to the elastic modulus of unconfined UHPC; stage II is the transition segments, where the -curve begins to bend; stage III is linear hardening segment. (2) The first and the second and the second and the third segments are all smoothly connected. The close-form constitutive model for the three-stage curves is as follows:
where is the axial stress and is the axial strain; is the elastic modulus of unconfined UHPC; is the point at which the third section of the curve intersects with the axis when extended, given by = [35] and 2 is the gradient of the third linear segment, which is given by
The first linear segment meets the second transition segment at , and the second segment meets the third linear segment , which is given by
In this new proposed constitutive model, the values for and are calculated using the formulas in Tables 6  and 8 . Figure 11 compares the stress-strain response of HFRP specimen groups with the proposed stress-strain model and the two existing constitutive models by Samaan et al. [18] and Lam and Teng [19] .
It can be seen from Figure 11 that the -curves of Samaan model and Lam-Teng model are significantly below the test curves, where curve of Samaan model is the lowest. The gradient of the two models at the third segment is smaller than the test results; that is, the existing models do not accurately predict the stress-strain response of HFRPconfined UHPC. These existing models were generally developed for FRP-confined normal concrete. There are differences in the stress-strain response between UHPC and normal concrete. The initial ascending portion is linear for HFRPconfined UHPC but parabolic for normal concrete. The existing confinement models are based on normal concrete confined with FRP, while the gradient of UHPC-filled HFRP is higher than confined normal concrete at the last stage. The curves obtained using the proposed constitutive models are quite close to the experimental results. The curves for some of the specimens deviate from the test curves after passing the transition stage, which is because in the proposed model of this paper = , but actually is not exactly equal to . In the test data, some of the actual values of / are Advances in Materials Science and Engineering 13 less than 1.0, which will cause the gradient of the proposed model curves at the third segment to be smaller, such that after the transition phase of the proposed model the curve becomes slightly above the test curves, as seen for B1G1 and C1B1. On the other hand, the actual values of / for some of the specimens are greater than 1.0, which makes the gradient of the proposed model curve at the third phase of the curves larger. This makes the curves become below the test curves after passing the transition segment, as shown by A3B3, C3G3.
Conclusion
Most of UHPC-filled HFRP tube specimens failed with rupture of HFRP tube at or near the midheight. The local rupture of HFRP tubes did not lead to explosive failure of UHPC cylinder, and its ductility is better than that of UHPC confined by only one type of FRP. HFRP tube can effectively improve the compressive strength and ultimate strain of UHPC specimens. The main factors affecting the axial compression performance of HFRP-confined UHPC specimen are the number of fiber sheet layers and type of hybrid fiber. The confinement effectiveness of strength and deformation capacity increases with the fiber sheet layers. In all kinds of hybrid FRP, the highest strength confinement effectiveness is produced by C/GFRP series, while the maximum deformation capacity is from A/BFRP series.
For HFRP-confined UHPC specimen, the strength prediction value by Samaan model is close to experimental data, whereas strength prediction value by Toutanji model is lower but by Lam-Teng model is higher than the test results. The strength of HFRP-confined specimen is influenced by not only the confined stress but also the type of hybrid FRP series. The proposed strength model, considering type of hybrid fiber series, is presented to provide more accurate prediction of the test results.
The values of the three existing ultimate strain prediction models are larger than the experimental values, whereby 
